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COMPARISON OF HERMETIC STORAGE OF WHEAT WITH 
TRADITIONAL STORAGE METHODS IN INDIA 
P. Somavat,  H. Huang,  S. Kumar,  M. K. Garg,  M. C. Danao, 
V. Singh,  M. R. Paulsen,  K. D. Rausch 
ABSTRACT. India is among the countries experiencing high postharvest losses. Four hermetic bags, two metallic bins, and 
two gunny bag (also known as jute or burlap bag) piles each containing 1 tonne of wheat were instrumented with tempera-
ture, relative humidity, and carbon dioxide sensors. Representative samples from each structure were collected each month 
and tests for moisture, germination, insect-damaged grain, and milling yield were performed. After nine months, wheat 
stored in hermetic bags had higher germination (87%) and lower insect-damaged grain percentages (0% to 0.33% with a 
mean value of 0.2%). Hermetic bags with deliberately introduced Rhyzopertha dominica successfully eliminated the pests. 
Gunny bag piles had infestations; metallic bins also were infested. Wheat moisture content in all structures varied depending 
upon ambient conditions; moisture variation was largest in gunny bag piles. Milling yields were lowest for gunny bag piles. 
Hermetic bags can be an effective and environmentally friendly solution for reducing storage losses of wheat in India. 
Keywords. Hermetic bags, Postharvest losses, Sensors, Storage, Wheat. 
heat and rice are the major staple crops of In-
dia, which feed most of its 1.27 billion peo-
ple. In 2012-2013, total food grain production 
of India was 257 million tonnes (Indian 
Council of Agricultural Research, 2014). According to an 
Indian government report (National Sample Survey 
Organization, 2010), 19.4% of the rural households and 
20.5% of urban households had a daily caloric intake of less 
than 2160 kcal per day and almost 46% of the children were 
malnourished. According to a recent report by the Food and 
Agriculture Organization (2009), despite these challenges, 
India can feed its growing population and still be able to ex-
port food grains provided it can reduce spoilage of food sta-
ples and improve infrastructure. 
According to Kader (2005), almost 95% of agricultural 
research investments for the last 30 years have been focused 
on increasing productivity and only 5% on reducing posthar-
vest losses (PHL). Conservative estimates place postharvest 
cereal losses in India at 6% while more realistic figures by 
Food and Agriculture Organization and a regional study es-
timate these losses to be 7% to 15% (Food and Agriculture 
Organization, 1994; Yadav and Garg, 2010). Indian Ministry 
of Food and Civil Supplies estimated PHL of food grains to 
be around 10% of total production (Basavaraja et al., 2007). 
Such wastage not only results in financial losses but also 
contributes to greenhouse gas emissions (Gustavsson et al., 
2010). The Associated Chambers of Commerce and Industry 
in India predicted that overall PHL including fruits and veg-
etables in India has cost $41 billion in 2013-2014 
(ASSOCHAM, 2013). 
In 2012-2013, total wheat production in India was 92 mil-
lion tonnes; 76% of the total was harvested in the states of 
Uttar Pradesh, Punjab, Madhya Pradesh, and Haryana 
(Directorate of Wheat Research, 2013). According to a study 
by Grover and Singh (2013), almost 70% of farm output in 
India is retained by farmers. Government agencies procure 
surplus wheat and rice from the farmers, facilitate storage of 
grain and transport grain from surplus to deficit states. To 
store grain, different storage practices are used such as 
gunny bags (jute or burlap bags), metallic bins and bulk stor-
age in rooms. According to an Indian study of wheat storage 
practices in semi-arid regions, 42% of the farmers used 
gunny bags, 18% used bulk storage in rooms, and 11% used 
metallic bins (Kumawat, 2007). 
Use of chemical fumigants has been a prominent method 
of controlling pests and microorganisms in stored grain 
(Navarro, 2006). However chemical fumigants, if employed 
improperly, leave harmful residues in the grain and are a po-
tential health hazard for the person doing fumigation 
(Navarro, 2012). Gradually, major pests of stored cereals 
such as Rhyzopertha dominica and Liposcelis bostrychoph-
ila are developing resistance against commonly used chem-
ical fumigants (Nayak et al., 2003; Collins et al., 2005; 
Lorini et al., 2007). 
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Hermetic storage is a technique which involves storing 
cereals in airtight containers, such as polyvinyl chloride 
(PVC) bags. The process of respiration by grain, fungi, in-
sects, and other microorganisms inside the bag causes deple-
tion of O2 and a buildup of CO2 which inhibits further growth 
of insects and fungi inside the bag (Navarro, 2006; 
Subramanyam et al., 2012). Gradual decrease in O2 concen-
tration and subsequent increase in CO2 concentration results 
in insect mortality inside the container without any applica-
tion of chemical fumigants. Although hermetic bags are sup-
posed to be completely airtight, however due to practical 
constraints complete air tightness is not achieved. These 
bags have been adopted increasingly in Latin America and 
Southeast Asia (Villers et al., 2006; Abalone et al., 2011). 
In a study involving storage of corn, wheat, soybeans, and 
sunflower seeds in hermetic bags of 200 tonnes, gas compo-
sition of the interstitial atmosphere was measured and grain 
was sampled at the beginning and then after 45, 80, and 150 
days (Bartosik et al., 2008). CO2 concentration in the bags 
ranged between 4.4% and 70.3% depending upon grain va-
riety, moisture content, and outside temperature. No signifi-
cant qualitative changes were observed after 150 days 
storage when initial moisture contents were kept within rec-
ommended ranges and no insect activity was reported. Butts 
et al. (2008) stored unshelled peanuts having initial moisture 
contents of 5.7% and 9.3% wet basis (w.b.) in flexible her-
metically sealed plastic containers for 160 to 180 days and 
samples were taken at the beginning and at the end of the 
storage. Relatively faster O2 depletion was observed in pea-
nuts with higher initial moisture content. In dry peanuts 
(5.7% w.b.), it took 180 days for O2 concentration to de-
crease from 21% to 6% whereas for moist peanuts (9.3% 
w.b.), O2 concentration quickly decreased from 21% to 1% 
during the first 12 days of storage. Fungal activity was ob-
served at the top of the bags due to moisture migration which 
was more pronounced in peanuts with higher initial moisture 
content. 
Insect respiration rates and metabolic activities usually 
are increased at an elevated temperature, causing more rapid 
depletion of O2 in hermetic bags, and insect mortality is in-
creased correspondingly (Jayas and Jeyamkondan, 2002). 
Although different insect species have varying levels of tol-
erance to a modified atmosphere (Navarro and Donahaye, 
2005), 35% CO2 concentration for shorter duration is lethal 
to test insects even when O2 concentration is as high as 15%. 
In absence of CO2, O2 concentrations below 3% are needed 
for effective control of insects, although O2 level below 1% 
is desired (Banks and Annis, 1990). Advances in hermetic 
storage technique include portable, multilayer bags with ul-
tra-low oxygen permeability which has successfully resisted 
insects such as Prostephanus truncatus, Rhyzopertha domi-
nica and Collosobruchus maculatus in stored maize, wheat 
and cowpea (Garcia-Lara et al 2013). Small metallic bins 
made from galvanized iron sheets are extensively used in de-
veloping countries by small scale framers to protect their 
produce (SDC, 2008a; CIMMYT, 2009; Tefera et al., 2011). 
Research efforts are focused on improving the air tightness 
of metallic bins and making them more resistant to insect 
infestation (SDC, 2008b; Yusuf and He, 2011). 
The aim of this project was to provide unbiased measure-
ments for comparison of two traditional Indian storage struc-
tures (metallic bins and gunny bags) to hermetic storage 
structures for wheat stored under typical north Indian condi-
tions at Hisar, Haryana (latitude 29.1500° N and longitude 
75.7000° E). Most hermetic storage studies have been car-
ried out in colder regions with distinctive cold seasons fol-
lowing harvest. North India provided a different challenge in 
terms of yearlong warm temperatures (10°C to 37°C) and 
periods of high relative humidity (30% to 95%). Secondly, 
no efforts have been published to compare hermetic bags to 
traditional storage methods under local conditions at a scale 
relative to the small farms and villages in northern India. We 
tested whether hermetic bags could be effective in reducing 
storage losses for small holder farmers. Specific objectives 
of the study were: 
1. to monitor temperature (T), relative humidity (r.h.), 
and interstitial carbon dioxide concentrations in three 
types of storage structures suitable for small holder 
farmers and villages; 
2. to compare quality characteristics of wheat such as 
moisture, germination, insect-damaged grain, and 
milling yield in hermetic bags with that of metallic 
bins and gunny bags; and 
3. to quantify effects of wheat moisture content on 
changes in quality during hermetic storage. 
MATERIALS AND METHODS 
WHEAT STORAGE 
Freshly harvested seed grade wheat (8 tonnes) of the va-
riety WH 711 was procured from the Chaudhary Charan 
Singh Haryana Agricultural University farm (Hisar, Har-
yana, India). Grain was cleaned and graded in a seed pro-
cessing plant before being supplied. Four hermetic bags, 
namely H1, H2, H3, and H4 (GrainSafe IIITM, GrainPro Phil-
ippines, Inc., Subic Bay Freeport Zone, Philippines), were 
purchased with each having a capacity of 1 metric tonne and 
dimensions of 1.2 × 1.2 × 1.9 m (L × W × H). These bags 
rested on metallic frames of 75 × 75 × 150 cm with rodent 
resistant devices on each leg. Each hermetic bag had an outer 
propathene jacket to act as a strength member. The target 
moisture content levels of wheat stored in hermetic bags 
were 12% and 14% (w.b.); actual wheat moisture content 
levels for all storage structures are summarized in table 1. 
Two metallic bins (M1 and M2) made up of 22 gauge galva-
nized steel sheets with removable lid closures at the top fixed 
with riveted hinges, each having 2 m height, and 1 m diam-
eter contained approximately 1 tonne wheat with a moisture 
content of 12% (w.b.). These bins were manufactured by lo-
cal artisans and cost about US $36 per piece, wheat flour and 
water dough was used to make them airtight as is common 
practice in India. Forty 50 kg gunny bags made up of jute 
also known as burlap bags were procured with dimensions 
of (84 × 50 × 20 cm). Two piles of 20 gunny bags (B1 and 
B2) each were stacked side by side with 12% initial moisture 
content. All storage structures were placed in a non-climate 
controlled room, covered on all sides, and naturally venti-
lated. Wheat was delivered in the third week of July and was 
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spread uniformly on the floor and was sprinkled with the re-
quired amount of water and mixed thoroughly to obtain de-
sired moisture content (table 1). No chemical 
treatment/insecticides were employed in any treatment. In-
dividual experiments started on 22 July 2013. To test the ef-
fectiveness of hermetic bags, 80 adult specimens of the 
lesser grain borer (Rhyzopertha dominica) were introduced 
into two of the bags on 13 August 2013. 
SENSOR INSTALLATION 
During storage, temperature, relative humidity and CO2 
concentration were measured at fixed intervals for each of 
the hermetic bags, metallic bins and gunny bag piles. Ini-
tially the measurement interval was set at one reading per h 
until 26 October 2013. Then to increase battery life, the 
measurement interval was set to one reading per 6 h. Tem-
perature and humidity sensors (Track-ItTM Temperature and 
Humidity Data Loggers, MicroDaq.com, Ltd., Contoocook, 
N.H.) with RH measurement accuracy of ±5% (0-100% RH) 
and temperature measurement accuracy of ±0.5% (0-60°C) 
were installed at top and bottom levels inside each storage 
structure. The upper sensor represented grain conditions 
within 5 to 10 cm of the grain surface. The bottom sensor 
represented the grain lying within 5 to 10 cm of the bottom 
of the storage structure (fig. 1). For the gunny bag pile, indi-
vidual sensors were placed in the gunny bags at the bottom 
and top levels. Gaston et al. (2009) reported that CO2 distri-
bution was almost uniform in hermetic bags where the diam-
eter was less than 3 m. Therefore, only one CO2 sensor was 
installed in each bag, bin, and pile. The NDIR CO2 sensor 
(K-33 BLG 30%, CO2meter.com, Ormond Beach, Fla.) with 
a detection range from 0% to 30% CO2 with an accuracy of 
±0.2% volume CO2 ± 3% of measured value was installed in 
the middle of each hermetic bag, metallic bin, and the mid-
level gunny bag. The CO2 sensor was powered by a 9V bat-
tery and had lower power consumption (~250 μA) with one 
measurement per h. Same sensors were used for measuring 
T/r.h./CO2 in all the structures. A custom-made sensor 
mounting rod was designed using PVC pipes to mount the 
temperature, r.h., and CO2 sensors at top, middle, and bottom 
levels. Special chambers were designed to protect the sen-
sors from the grain and provide wire mesh isolation to allow 
the interstitial air interact with the sensors. To prevent verti-
cal flow of gasses in the PVC pipes, sensor isolation was 
provided by sealing the tubes using silicone sealant. Meas-
urements were recorded on the built-in memory card of the 
sensors. Each sensor was connected with a USB cable which 
extended outside the storage structure to allow data transfer 
between the sensor and a laptop. Orifices cut in the hermetic 
bags allowed the exit of the USB cable and were sealed by 
silicone sealant to ensure that the structure remained sealed. 
However, it was found to be very difficult to perfectly seal 
the exit with a bundle consisting of three thick USB cables. 
Partially due to this and monthly sampling which involved 
opening and resealing of orifices, no hermeticity test was 
considered for the study (fig. 2). 
SAMPLING PROCEDURE 
Wheat samples were collected initially and then at 
1 month intervals from each storage structure. Samples were 
collected from top, bottom, and middle layers of wheat in 
metallic bins and from top, bottom, and middle-level gunny 
bags. For hermetic bags, it was not easy to make orifices in 
the horizontal plane due to the outer propathene jacket, so a 
Table 1. Overview of the experimental setup (1 tonne per replicate). 
No. Storage Method 
Treatment 
Name 
Moisture 
Content (w.b.) 
1 Hermetic storage H1 11.5% 
2 Hermetic storage H2[a] 11.8% 
3 Hermetic storage H3 13.4% 
4 Hermetic storage H4# 13.4% 
5 Metallic bin M1 11.8% 
6 Metallic bin M2 11.7% 
7 Gunny bag pile B1 12.2% 
8 Gunny bag pile B2 12.2% 
[a] Hermetic bags with introduction of 80 adult specimens of Rhyzopertha 
dominica on 13 August 2013. 
Figure 1. For hermetic bags and metallic bins, temperature (T) and relative humidity (RH) sensors were mounted at the top and bottom of a
sensor mounting rod while T/r.h./CO2 sensors were mounted in the middle (USB: universal serial bus cable to computer). For gunny bag piles,
these sensors were installed in the gunny bags at the top, middle, and bottom levels as shown. 
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sampling orifice was made at the top. This restricted collec-
tion of samples from the center of the top, middle, and bot-
tom layers of wheat and affected proper sampling to a certain 
extent. Sampling probes were used to collect samples from 
all three types of storage structures. After sampling, the ori-
fices of hermetic bags were sealed using silicone sealant. 
Samples from top, middle, and bottom layer from an indi-
vidual storage structure were pooled together (approx. 
300 g) to form representative samples for each month. These 
samples were sealed in plastic bags, stored at room temper-
ature, and used for qualitative analysis. The storage experi-
ment was conducted in duplicate for each of the four storage 
treatments (hermetic bag with low and high moisture con-
tent, metallic bins, and gunny bags). For each treatment, 
samples for quality characteristics (moisture, germination, 
insect-damaged kernel, and milling yield) were taken every 
month and were measured three times. 
GRAIN QUALITY EVALUATIONS 
Moisture Content 
All the moisture determinations in the study were made 
on wet basis using standard AOAC (2012) Method No. 
930.15. Each 5 g ground sample was weighed and trans-
ferred to a pre dried, covered dish. Each weighed sample was 
dried in an air oven at 130±1°C for 2 h. Dried samples were 
transferred to a desiccator, cooled to room temperature, and 
weighed. Moisture content (wet basis) in percent was calcu-
lated as the loss in weight divided by the original wet sample 
weight. This process was repeated three times for each stor-
age structure. 
Warm Germination Test 
Three replications of 100-seed tests for warm germina-
tion were performed according to the rules specified by 
(ISTA, 2011). The seeds were kept at 28°C and 95% r.h. and 
final count of germination was recorded on day eight; the 
number of normal seedlings was counted and expressed as 
percent germination. 
Insect-Damaged Kernel Test 
The insect-damaged kernel percentage test involved in-
spection of grain samples and identification of grain kernels 
damaged by insects. Broken or affected kernels were 
counted from a sample of 100 kernels and the process was 
repeated three times. Only the kernels which were bored by 
the insects were counted as the main aim was to only quan-
tify the number of damaged kernels. The only insect species 
detected in structures was Rhyzopertha dominica and there-
fore assumed to be the dominant source of kernel damage. 
Milling Yield Test 
A Brabender Quardrumat Junior mill was used to deter-
mine milling behavior of tempered wheat grains and flour 
yield according to AACC (2002) Method No. 26-50. Three 
equal amounts of wheat samples from each treatment were 
tempered to 14% moisture level for removal of bran from 
endosperm. The mill was operated for 30 min for complete 
grinding. The ground samples were sieved into four frac-
tions: thick bran, fine bran, fine flour and coarse flour 
(shorts). Fine flour and coarse flour were combined and 
weighed. Flour yield was calculated as: 
 ( ) Weight of flour obtainedMilling yield %   1 00
Weight of sample used
= ×  
Data Analysis 
Each storage method was replicated twice and two way anal-
ysis of variance (ANOVA) and Tukey’s test were used to com-
pare moisture content, germination, insect-damaged kernels, 
and milling yield parameters prior to and after storage for all 
treatments using SAS Studio (SAS Institute, Cary, N.C.). The 
level selected to show statistical significance was 5% (p < 0.05). 
RESULTS 
TEMPERATURE, RELATIVE HUMIDITY, AND CO2 
VARIATIONS WITH TIME 
During the experiment, sensors suffered intermittent 
problems, most common being exhaustion of batteries ear-
lier than expected; as a result, some data was not recorded 
for periods varying from hours to days resulting in disconti-
nuities in figures 4-6. Average daily values of T, RH, and 
CO2 variations are displayed in all figures. 
Ambient Conditions 
During the experiment, ambient temperature and relative 
humidities were observed using a single T/r.h. sensor next to 
the storage structures at Hisar, Haryana, India (latitude 
29.1500° N and longitude 75.7000° E). Average daily ambi-
ent temperatures rose to 37°C during July 2013 and de-
creased to about 10°C in December 2013. Average daily 
relative humidity varied greatly and reached a maximum 
value of 95% in January 2014 and decreased to the lowest 
level of 30% in April 2014 (fig. 3). 
 
Figure 2. Experimental setup of hermetic bags, metallic bins, and gunny bag piles after the sensors were installed. Hermetic bags were mounted
on stands with anti-rodent devices. 
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Variation of CO2 in Hermetic Bags 
Concentrations of CO2 inside the hermetic bags gradually 
increased and reached maximum levels after 45 to 50 days. 
The CO2 concentration increased with the increase in the 
outside temperature and decreased with the subsequent de-
crease of temperature. Highest mean CO2 concentration lev-
els in hermetic bags H1, H2, H3, and H4 were 9.0%, 7.8%, 
8.8%, and 9.0%, respectively (fig. 4). Barring the months of 
October and November when H1 had the highest CO2 con-
centration, generally the bags with higher moisture content 
maintained higher CO2 concentrations as compared to the 
bags with lower initial moisture content. In cooler tempera-
tures, grain respiration rate generally decreases resulting in 
decreased CO2 concentrations (Barreto et al., 2013). Lower 
grain and insect respiration rates during the cooler months 
coupled with lack of total hermeticity may have resulted in 
lower CO2 concentrations in hermetic bags observed from 
January to March. CO2 concentrations decreased to 1% and 
2% levels in January 2014 when temperatures were the low-
est. During March and April increase in temperatures, a sec-
ond increase was observed in early April 2014 with CO2 
concentrations again reaching 5% to 8% levels. Results were 
similar to Gaston et al. (2009) where wheat was stored in a 
200 tonne bag of 60 m length and 2.70 m diameter. In dry 
wheat (12.5% w.b.), CO2 concentration inside the bag in-
creased to 4.4%, 8.7%, and 13.0% in 5, 45, and 100 days, 
respectively; O2 concentration decreased to 14.7%,12.6%, 
and 10.4% in 5, 45, and 100 days, respectively. For wet 
wheat (16.4% w.b.), CO2 concentration increased to 18.9% 
in 5 days while O2 concentration decreased to 5.5% during 
the same duration (Gaston et al., 2009). 
It was observed that the hermetic bags failed to maintain 
CO2 levels as reported by Darby and Caddick (2007). It was 
very difficult to completely seal the orifice with a bundle of 
three USB cables exiting, therefore the bags were not com-
pletely hermetic and CO2 concentration depended upon bal-
ance of the respiration rate and exchange rate from the outside. 
Lower CO2 levels in combination with low temperatures con-
trolled infestations. This has been reported in a similar field 
study in Australia (Darby and Caddick, 2007). Control of in-
festation in this case cannot be solely ascribed to CO2 concen-
trations in hermetic bags, most probably resulting lower O2 
concentrations played a part as it has been shown that <2% O2 
concentration is lethal for storage pests (Persons and 
Sorenson, 1970). There was no significant change in CO2 con-
centrations in hermetic bags immediately after periodic sam-
pling as is attested by sensor readings (fig. 4). 
 
Figure 3. Ambient temperature and relative humidity variations from July 2013 to April 2014 (RH: relative humidity,%). 
 
Figure 4. Concentrations of CO2 in hermetic bags H1, H2, H3, and H4 (see table 1). 
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Variation of CO2 in Metallic Bins and Gunny Bags 
Highest CO2 levels in metallic bins were 2% and 2.4% in 
M1 and M2, while CO2 levels in gunny bag piles mostly cor-
responded with the ambient levels. These levels are con-
sistent with the nature of these structures; metallic bins acted 
as a sort of barrier for gas flow while gunny bags facilitated 
easy flow of gases in and outside (fig. 5). 
 
Temperature/r.h. Variations in Hermetic Bags 
Relative humidity variations were minimal inside the her-
metic bags in comparison to the other two treatments (figs. 
6a and 6b). However, r.h. variations were larger in the top 
layers of the bag compared to middle and bottom layers. 
Temperatures in the grain changed relative to outside tem-
peratures; the upper layers of the grain experienced greater 
temperature variations resulting in greater r.h. variations in 
the top layers. Similar behavior for hermetic bags has been 
reported in other studies (Bartosik et al., 2008; Barreto et al., 
2013). While sampling during the winter, some moisture 
condensation was observed inside the hermetic bags at the 
top, possibly due to warm air currents rising up through the 
grain, carrying the moisture with them and dumping it at the 
top. 
Temperature/r.h. Variations in Metallic Bins and Gunny 
Bag Piles 
Gunny bags demonstrated the largest internal r.h. varia-
tion dependence on the ambient conditions among all three 
storage techniques. This is due to free movement of moisture 
in and out of the gunny bags. Temperature variation inside 
the structures corresponded similarly with the ambient tem-
peratures and these variations were greatest in gunny bags 
(figs. 7a  and 7b). 
QUALITY CHARACTERISTICS 
Moisture Content 
In hermetic bags with higher initial moisture content, 
wheat moisture content varied from 11.3% to 13.4% while 
the bags with low initial moisture content, moisture varied 
from 8.3% to 11.8% (table 2). It has been reported that grain 
moisture contents do not change greatly (±1%) during her-
metic storage period (Bartosik et al., 2008; Gaston et al., 
2009; Ochandio et al., 2012).  However, higher moisture 
content variation experienced in hermetic bags in this study 
can be attributed to moisture migration inside the bags which 
could not be quantified due to limitations on proper sampling 
and does not imply a net gain or loss of moisture. Due to 
structural integrity issues, we desisted from cutting sampling 
holes in hermetic bags on the sides and took samples from 
only one hole cut at the top. For metallic bins, the observed 
moisture content levels were 8.6% to 11.8%. For gunny bag 
piles, this variation was the largest, moisture content varied 
from 8.3% to 13.9%. In case of metallic bins and gunny 
bags, this variation could be due to moisture transfer from 
the outside to inside and vice versa. It was noticed that her-
metic bags with low m.c. had lower r.h. variation (45%-
55%) in comparison to metal bins (60%-65%) and gunny 
bags (60%-70%) with similar m.c. during most of the storage 
time, confirming that there was more influence of the ambi-
ent r.h. variations (55%-80%) in the last two treatments. In 
gunny bag treatments there was a trend for the m.c. variation 
to be similar to the ambient r.h. variations. Greater ambient 
temperature and r.h. variations observed during the storage 
were responsible for larger variations observed in compari-
son to other studies which were conducted in Argentina 
(Bartosik et al., 2008; Ochandio et al., 2010) where these 
variations are not so extreme. 
Warm Germination Test 
The warm germination test provides an indication of ef-
fectiveness of any storage technique. In all three structures, 
germination percentages of wheat after 9 months were lower 
relative to wheat at initial storage (table 2). At the end of 
9 months, there were no differences of wheat germination 
between lower and higher initial m.c. hermetic bags (87%). 
However, germination percentage in hermetic bags was 
higher in comparison to metallic bins (82%) and gunny bags 
(73%); despite the fact that insects were introduced into two 
of the hermetic bags. After 9 months, mean germination in 
hermetic bags was within the range of standard wheat seed 
germination recommendations of >85% (ISTA, 2011). One 
 
Figure 5. Concentrations of CO2 in metallic bins (M1, M2) and gunny bag piles (B1 and B2; see table 1). 
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possible reason for decreased germination in cereals is de-
generation of vital enzymes due to denaturation and coagu-
lation of protein molecules during storage (Weidner et al., 
1996). For rice and maize, germination of seed was 85% or 
more for periods up to 9 months, while conventional storage 
in jute bags reduced germination to 76% to 14% within 
3 months (Villers et al., 2010). For dry wheat (12.5% m.c.), 
germination percentages decreased from 93% to 87% while 
for moist wheat (16.4% m.c.), germination percentages de-
creased from 95% to 40% during the same period (Bartosik 
et al., 2008). In this study, germination rates for hermetic 
bags were similar and germination rates for gunny bags were 
higher than those reported in Villers et al. (2010). Germina-
tion percentage in gunny bags declined rapidly partly due to 
the early onset of natural infestation of insects whereas the 
other two structures resisted infestation. There was no sig-
nificant variation in germination rates of wheat in hermetic 
bags with approximately 12% and 14% initial m.c. in the 
current study (table 2). 
 
Insect-Damaged Grain Percentage 
An important goal for any storage technique is its ability 
to prevent insect infestation from developing in the stored 
grain. Only Rhyzopertha dominica was identified upon vis-
ual inspection of affected structures and grain. After 
9 months, no insect-damaged grain kernels were detected in 
the hermetic bags H1 and H3. For hermetic bags H2 and H4, 
which were deliberately infested by 80 adult specimens of 
Rhyzopertha dominica each, insect-damaged grain percent-
age stabilized at 0.33%, indicative of containment of the in-
festation after initial damage. Mean insect-damaged grain 
percentage value was 0.2% for hermetic bags with low mois-
tures (H1 and H2) as well as high moistures (H3 and H4). 
De Groote et al. (2013) reported hermetic storage of maize 
prevented infestation of insect pests without application of 
insecticides. For metallic bins, insect-damaged grain per-
centage peaked at 2.2% while gunny bag piles were the 
worst affected with 8% of sampled grain found to be insect-
damaged (table 2). The extent of grain damage was greatest 
in the gunny bags as the grain was easily accessible to the 
insects. Rhyzopertha dominica was the insect identified in 
both gunny bags and metallic bins. 
Milling Yield Percentage 
Milling yields of wheat from all structures increased 
gradually during the first 5 months (7% to10%) and then dis-
played a gradual decrease over time (table 2). Similar behav-
ior has been reported in a number of previous studies 
(Shellenberger, 1939; Rao et al., 1978; Posner and Deyoe, 
1986; Ariyama and Khan, 1990). Posner and Deyoe (1986) 
reported an increased flour extraction from 2% to 5% for the 
first five months; this is probably due to gradual increase in 
molecular weights of proteins in stored wheat as observed 
using gel chromatography by Rao et al. (1978). At the end 
of the nine month storage, the milling yield of wheat in all 
Figure 6. Temperature and relative humidity (RH) variations in hermetic bags H1 (a) and H4 (b) (treatment descriptions in table 1). Prefixes
correspond to location of sensors in the storage structure: T, top; C, center; and B, bottom. 
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the storage structures was similar. However, it must be taken 
into account that only healthy wheat grains after removing 
insect-damaged kernels were processed for milling yields. 
Future studies may incorporate O2 sensors and include 
other crops grown in the region like rice, mustard and pulses. 
Further experiments could document moisture migration in 
hermetic bags under north Indian weather conditions at con-
ditions at Hisar, Haryana. 
CONCLUSIONS 
Four hermetic bags, two metallic bins, and two gunny bag 
piles each containing 1 tonne of wheat were instrumented 
with temperature, relative humidity, and carbon dioxide sen-
sors under north Indian conditions at Hisar, Haryana. Repre-
sentative samples from each storage structure were collected 
each month and tested for moisture, germination, insect-
damaged grain and milling yield. Wheat stored in hermetic 
bags maintained 87% viability; for metallic bins and gunny 
bags these numbers were 82% and 73%, respectively, after 
nine months of storage. Due to the limited range of initial 
wheat moisture content (11%-13%) and decreases in m.c. to 
safe levels during storage, it was not possible to quantify the 
effects of low (<11%) and high (>14%) initial moisture con-
tents on wheat quality during hermetic storage. No insect-
damaged grains were detected in two hermetic bags while 
bags which were infested had 0.33% damaged grain during 
the last 4 months of storage, indicating containment. Mean 
insect-damaged grain percentage was 0.2% for both low and 
high initial m.c. hermetic bags. Insect-damaged grain per-
centages were 2.2% and 8%, respectively, for metallic and 
gunny bag storage methods. Wheat m.c. in all the three stor-
age structures were affected by surrounding ambient condi-
tions. Hermetic bags experienced moisture migration as 
attested by 2-3 percentage points’ moisture variation in 
wheat samples. Milling yields, ascertained after removing 
insect-damaged kernels were lower for gunny bags com-
pared to two other treatments. Hermetic bags maintained 
stored grain quality and protected wheat from insect infesta-
tion more than conventional structures. Hermetic bags can 
be an effective solution for reducing storage losses of wheat 
in India. 
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